Above-canopy sprinkler irrigation with saline water favours the absorption of salts by wetted leaves and this can cause a yield reduction additional to that which occurs in salt-affected soils. Outdoor pot experiments with both sprinkler and drip irrigation systems were conducted to determine foliar ion accumulation and performance of maize and barley plants exposed to four treatments: nonsaline control (C), salt applied only to the soil (S), salt applied only to the foliage (F) and salt applied to both the soil and to the foliage (F + S). The EC of the saline solution employed for maize in 1993 was 4.2 dS m -1 (30 mM NaC1 and 2.8 mM CaC12) and for barley in 1994, 9.6 dS m-I (47 mM NaC1 and 23.5 mM CaCI2). The soil surface of all pots was covered so that in the F treatment the soil was not salinized by the saline sprinkling and drip irrigation supplied nutrients in either fresh (treatments C and F) or saline water (treatments S and F + S).
Introduction
Sprinkler irrigation is widely used because it is easier to operate efficiently than is surface irrigation and it does not require level fields. However, when the * FAX No: + 1916 9521552 irrigation water is saline, some crops can be seriously damaged by sprinkler irrigation. The reasons for this species-dependent sensitivity are not known, but are likely to depend on genetic differences in leaf morphology and anatomy, environmental conditions and the frequency of sprinkling (Bernstein and Francois, 1975; Eaton and Harding, 1958; Maas et al., 1982a) , all of which influence the extent of foliar absorption of ions, including Na + and CI-. Foliar absorption of ions is believed to be via the cuticle, rather than the stomata (Franke, 1964; Greene and Bukovac, 1974) . Therefore, differences in foliar absorption among crop species and cultivars may be due primarily to genetic differences in the thickness and composition of the cuticle (features which are influenced by leaf age, and which determine leaf wettability), to the frequency and position of trichomes and guard cells, and to canopy characteristics such as leaf angle and folding (Hull et al., 1975; Humphreys, 1986; Leece, 1976) . Clearly, these factors are different from those influencing the absorption of ions by roots. Consequently the ranking of crop tolerance to saline sprinkling may differ from that for tolerance to soil salinity (Maas, 1985) .
In the future, restrictions on water use by agriculture may encourage an increased use of sprinkler irrigation. In addition, greater competition for water supplies may require the use of irrigation waters of higher salinity. Under these conditions, it will be important to predict a crop's tolerance to saline sprinkling (i.e. its potential for foliar absorption of salts) and to manage irrigation in order to decrease foliar salt absorption and crop injury.
In the Poaceae (formerly Graminae), as in many glycophytes, the selective exclusion of Na + and CIfrom the shoot is an important mechanism which may confer tolerance to soil salinity (Cheeseman, 1988; Drew and L~iuchli, 1985; Yeo and Flowers, 1982) . There are, however, salt-tolerant varieties and species which do not exclude Na + and CI-to the same extent as other glycophytes (L~iuchli and Epstein, 1990) and barley is one of these exceptions (Jeschke and Pate, 1991) . Salt-tolerant glycophytes also possess the ability to maintain adequate K + absorption in the presence of high Na + concentrations in the soil, thus maintaining favorable K + :Na + ratios in the foliage. Salt exclusion from the leaves, as well as enhanced K+:Na + discrimination, are considered by cereal breeders to be important selection criteria for the development of genotypes with improved salt tolerance (Gorham and Wyn Jones, 1993) . To our knowledge, these mechanisms have not been demonstrated for the absorption of Na + through leaves. Maas et al. (1982b) demonstrated foliar absorption of Na + and C1-in eleven crops sprayed with low to moderately saline waters in a glasshouse and shielded from root zone salinization. Although they demonstrated dramatic differences in foliar absorption rates among species, absorption rates through leaves may be different in a glasshouse than in the field. In the field, foliar absorption of salts by sprinkler irrigated crops has been demonstrated in fruit trees (Ehlig and Bernstein, 1959; Harding et al., 1958) , in grape vines (Francois and Clark 1979) , in vegetables Gornat et al., 1973; Shmueli and Goldberg, 1971) , and in cereals (Aragti6 et al., 1994; Grattan et al., 1994) . In all cases foliar injury was greater in the sprinkled plants, and in tomato and some reports on pepper, yields were lower in sprinkled plants as compared to plants drip irrigated with water of the same electrical conductivity (EC). Quantification and the prediction of the effects of foliar absorption on crop yield, however, are still lacking, particularly for cereals.
In the research reported here, we examined the effects of foliar versus root application of saline water on leaf Na +, CI-, K + and Ca 2+ concentrations, plant water use, and shoot biomass in maize and barley. As part of these experiments we also examined the effects ofpre-and post-irrigation sprinkling with freshwater, treatments which were aimed at reducing foliar absorption. The effects of these freshwater treatments are reported in a separate paper (Benes et al., 1996) .
Materials and methods
Two pot experiments were carried out, one with maize in 1993 and the other with spring barley in 1994. Both experiments were outdoors and were conducted at the Aula Dei Campus near Zaragoza (0 ° 49~W, 41 ° 44~N). The experimental set up and methods were the same for both experiments, except where described below.
Cultural conditions and irrigations
Seeds of the maize cv. Juanita were sown in early May and on 1 June seedlings were transplanted into 37 cm diameter pots (one seedling per pot) containing 33 L of a medium compose.d of 50% sand, 40% silty clay soil and 10% peat. When the seedlings had become established, the soil surface was covered with plastic sheeting (raised above the soil surface by an underlying cone of plastic mesh) to prevent the sprinkling water from reaching the soil. The plastic sheeting was attached to the maize stem with plasticine (mouldable, nonphytoxic putty). Spring barley, cv. Kym, was sown directly into the pots on 31 January, with 2 seeds sown into each of 15 small holes in convex lids which were fastened onto the pots. After emergence the seedlings were thinned to one per hole for a total of 15 barley plants per pot.
Beginning on 7 July (maize) and on 11 March (barley) the treatments described below were begun. At this time the maize plants had approximately eight fully expanded leaves and the barley plants had several tillers. For maize, an average of three saline sprinkler irrigations per week, each for 30 min, was given for a total of 26 saline sprinklings, the last one being on 3 September. For barley, 28 sprinkler irrigations were given for the same duration, ending on 30 May as the plants approached maturity. Plants were sprinkled in the mid-morning but only during calm weather. The sprinkler irrigation was delivered in a solid cone pattern from nozzles placed 3 m above the center of each plot (comprising 9 pots). The height of the nozzles and the delivery pressure (0.14 MPa) were adjusted so that all the plants in a plot were thoroughly wetted. During the sprinkling, shower curtains were extended to contain the spray within the plot. The sprinkling rate was 33 mm h -1 and was sufficient to wet the leaves in each plot within 3 min of the start of sprinkling. In the maize experiment, when tassels emerged, they interfered with the distribution of the sprinkling water and so were removed. As a consequence, the plants set very little seed, and so cob and seed weights are not reported.
Drip irrigation to the soil was given on three afternoons per week, generally on the same days as the saline sprinkling, and pots were irrigated for 3 to 4 h at 2.2 (maize) and 2.1 L h -1 (barley). The volume of water applied resulted in 3 to 5 L of drainage water depending on plant transpiration. This was sufficient to prevent salt accumulation in the pots and to maintain the EC of the soil solution near to that of the applied water, as assessed by frequent measurements of the EC of the drainage water. A soluble fertilizer (20-20-20 NPK plus micronutrients) was applied to the drip irrigation water at the rate of 0.25 g L-1 water.
Experimental treatments and design
There were four irrigation treatments tested. These were a nonsaline control and three salinity treatments that either exposed the shoots, roots, or both, to saline water, as follows:
1. Control (C). Pots received no saline sprinkling. The soil was drip irrigated with fresh, nonsaline canal water (EC < 0.6 dS m -l, 1.40 mmol L -1 CI-and 0.59 mmol L -1 Na +) containing nutrients.
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2. Saline soil (S). Pots received no saline sprinkling. The soil was salinized by frequent drip irrigation with water containing nutrients as in the control, but with added NaC1 and CaCI2. For maize, the NaC1 was approximately 30 mM and the CaC12 approximately 2.8 raM. This saline irrigation water had an electrical conductivity of 4.2 dS m-1 and the molar ratio Na:Ca was 5:1 due to high Ca 2+ in the water from the irrigation canal. For the barley, the NaC1 was approximately 47.0 mM and the CaCI2 approximately 23.5 mM. The electrical conductivity was 9.6 dS m-l and the molar ratio Na:Ca in the saline irrigation water was 2.2:1. 3. Saline sprinkling (F). Plants received saline sprinkling with the same salt solutions (minus nutrients) used in the S treatment. The soil was maintained nonsaline by the frequent drip irrigation and by shielding the soil surface from the saline sprinkling water as described above. Nutrients were supplied in the drip irrigation. 4. Saline soil and saline sprinkling (F+S). Plants sprinkled with saline water as in the F treatment and the soil was drip irrigated with saline water containing nutrients as in the S treatment.
Other treatments, detailed in Benes et al. (1996) , were included in both the maize and barley experiments. There were nine pots of each treatment, which constituted a plot. Pots were spaced 5 or 40 cm apart, depending on the direction. The plots were separated by plastic curtains extended during the sprinkler irrigation. The sprinkled plots were laid out in a crossover arrangement (Neeter et al., 1990) , with the nonsprinkled plots being immediately adjacent. The experimental area was shielded from north west winds by a windbreak of plastic mesh installed for the duration of the experiments.
During the course of the experiment, drainage water was periodically collected from the pots treated with nonsaline soil (control and F plants) and EC and CI-concentrations were determined to confirm that the saline sprinkling water had not entered the pot and salinized the soil.
Leaf sampling and ion analysis
For maize, leaves from two leaf positions were sampled from all treatments on each of six occasions (15 and 27 July, 5, 17 and 26 August and 6 September), following 4, 9, 13, 18, 22, and 26 saline sprinkler irrigations given to the F and F+S treatments. At each sampling date, three of the nine pots (plants) from a given plot were sampled and from each plant one half of the maize leaf was taken (cutting the leaf longitudinally alongside the midrib). Two leaf positions were sampled: the upper being the most recent completely expanded leaf and the lower position corresponded to the third leaf below it. The actual leaves sampled on the six occasions were leaf numbers 8 and 11, 9 and 12, 10and 13, 11 and 14, 12 and 15, and 13 and 16. Except for tip and marginal necrosis in some saline treatments, the leaves sampled at all dates, including 6 September, were green with no signs of senescence.
For barley, leaves were sampled from all treatments on five occasions (4, 19 and 29 April, 10 and 19 May), following 6, 1 I, 16, 20 and 25 saline sprinkler irrigations given to the F and F+S treatments. As for maize, three of the nine replicate pots were sampled at a given date. However the barley pots contained 15 plants each, so for each of the two leaf positions 6-8 leaves were taken from the main stems of different plants. On sampling occasions 1, 2 and 3, the uppermost fully expanded leaf, and the first below it, were sampled. Since the flag leaves were very small in cv. Kym, for samplings 4 and 5, the first and second leaves below the flag leaf were sampled.
The leaves taken were rinsed for 5 to 10 s in each of 3 trays of distilled water to remove surface salts, blotted dry and then placed in 5 or 10 mL plastic syringes and frozen. Later, the leaf material was thawed and the sap extracted by applying pressure to the plunger in the syringe. The leaf sap was diluted, added to a dilution of Schinkel buffer solution (10 g L -l CsC1 and 100 g L-1 LaC13, E. Merck, Darmstadt) and the cations Na +, K + and Ca 2+ were measured in a Perkin-Elmer model 3030 atomic absorption spectrophotometer. Chloride was measured in a Buchler chloridometer by adding between 10 and 30 #L of leaf sap to a dilute acid solution (10% acetic acid and 0.64% concentrated HNO3) according to the procedure of Cotlove (1963) . The ion analyses of expressed leaf sap represent a mean concentration for the entire leaf and for all compartments of the leaf.
Plant water use and leaf stomatal conductance
Prior to the experiment, measurements were taken to determine the application rate of the drip irrigation emitters at the operating pressure (0.18 MPa). Each drip irrigation was precisely timed with the 0.18 MPa pressure maintained and the drainage water was collected from four pots in each treatment. Plant water use was calculated as the difference between the volume of water applied and the volume of drainage. Since the soil surface of all pots was covered, evaporation from the soil was considered to be negligible. Applying drip irrigation three times per week maintained a high and relatively constant soil water content in the pots, and so the rates of plant water use were considered to be close to the maximal rates.
In order to eliminate the effect of differential plant biomass, the plant water use values were divided by the final vegetative shoot biomass and were expressed as mL H20 (g DW) -1. For maize the biomass values listed in Figure 2 , which do not include the weight of cobs or male influorescences, were used for the adjustment of plant water use. For barley, the weight of the peduncles and empty grain heads was subtracted from the vegetative shoot biomass shown in Figure 2 , and the resulting values used for the adjustment were 200.5, 166.8, 146.1, and 118.9 g DW for the barley control, S, F, and F + S treatments, respectively. Since biomass accumulation in maize was nearly complete by mid-July when the measurements commenced, we consider this basis of expressing plant water use appropriate for comparing the effects of the treatments. For barley, there is likely to be some underestimation of plant water use early in the season, as the biomass at that time was less than that measured at harvest and used for the adjustment of the data.
Stomatal conductance was measured in barley with a LI-COR 1600 porometer (Lincoln, Nebraska, USA) between 1100 and 1330 hr (solar time) on 13, 22, 27 and 30 April, and 3 and 9 May. The values reported in the text are seasonal averages and they represent onesided measurements of the lower (abaxial) leaf surface. For each leaf, two measurements were conducted and the average was taken.
Measurements at harvest
Maize plants were harvested on 8 September 1993. The aerial vegetative biomass was separated from the ears, dried at 60 °C and weighed. The maize ears were discarded and data on grain set was not included. Barley plants were harvested at soil level on 20 June 1994. The material harvested from each plot was dried and weighed. The ears were removed, counted and the grain threshed out and weighed. A sample of grain from each pot was weighed and the number of grains counted for determination of mean individual grain mass. 
Statistical analysis
Analysis of variance of the data was conducted using the SAS statistical package (SAS Institute Inc., 1989) , considering the design to be a completely randomized block. The mean squares for differences among pots within a treatment were taken as error. This mean squares was not significantly different from that for higher order interactions, so this procedure for estimating errors and the significance of differences was considered to be valid. For plant water use, the s.e. of each treatment was calculated from the data from individual pots within a plot.
Results
As the experiments with maize and barley were conducted in different seasons comparisons made between the species are confounded with the effects of climatic and other differences between the seasons. Although care was taken to standardize the methods used, the growth cycle of barley occurred during a cooler time of year than that of maize. Furthermore, because of known differences between the species in sensitivity to salinity, higher salinities were applied to the barley than to the maize. Finally, much more CaC12 was used in the salt mix for the barley, in order to be able to compare the results to those of barley experiments in the field where this lower Na:Ca had been used. For all these reasons, some differences in treatment responses between the species reflect these confounded effects.
The salinity levels applied to maize and barley were chosen on the basis of preliminary tests and experience to produce slight to moderate symptoms (leaf scorch). In the most saline treatment (F+S) some foliar injury was evident, but not severe and the treatments produced noticeable differences in growth, especially in barley. 
Ion concentrations in leaf sap
Analyses of variance of the leaf sap ion concentrations showed that the treatment factor with the greatest effects was saline sprinkling, followed by soil salinity. Ion concentrations changed significantly with sampling occasion and differed with leaf position. In comparison with these effects, most interactions were small or nonsignificant, implying that the effects of the factors studied were largely additive. The important exception was Na +, as described below. Since the interactions between leaf position and the treatment factors were largely nonsignificant, data from the two leaf positions were combined in Figures 1 and 2 and in all data tables. In Figure 1 and 2, leaf sap ion concentrations are presented for each sampling occasion. The abscissae of these graphs do not represent an increasing number of saline sprinklings, but rather distinct sampling occasions. For maize and for the first three samplings of barley, the upper leaf position sampied was the most recently expanded leaf and thus new leaves formed at this position after the saline sprinkling had begun.
Chloride
On all sampling occasions, maize and barley plants sprinkled with saline water, but grown in nonsaline soil (F), had much higher concentrations of CI-in the leaf sap than did control plants. In maize, C1-concentrations in the leaf sap of the F plants were similar to those in non-sprinkled plants grown in saline soil (S plants, Figure 1 ). In barley, the F plants generally had higher leaf C1-concentrations than did the S plants (Figure 2) . In both species, the plants exposed to both saline soil and saline sprinkling (F+S) had the highest C1-concentrations in leaves. Averaging over sampling occasions (Table 1) , S and F plants of both species contained 2-3 times greater CI-concentrations in the leaf sap than did control plants. Plants grown in saline soil and sprinkled with saline water (F + S treatment) contained 3.5-4.5 times greater C1-concentrations in their leaf sap than did control plants (Table 1) . Leaf sap C1-concentrations in maize were, depending on treatment, 1.3-1.9 times greater than the C1-concentration in the irrigation water. In contrast, in barley they were 2.4--4.0 times greater.
Sodium
Na + concentrations in the leaf sap of saline-sprinkled maize and barley plants (F and F+S treatments) were significantly greater than in the corresponding C and S treatments on all sampling occasions (Figures 1 and  2 ). In general, Na + concentrations in both species increased with time in the F and F+S treatments, whereas they remained constant or decreased in the S and C treatments.
Maize appeared to exclude Na + very effectively from its leaves when exposed to soil salinity only (18 mmol L-1 ; S treatment mean, Table 1 ), but large amounts of Na + were present in the leaves of saline sprinkled plants (103 and 100 mmol L-l; F and F + S means respectively). Since Na + concentrations were much greater in both F and F + S than in the control and S treatments, it appeared that foliar absorption was the dominant supplier of Na +. Barley plants exposed only to saline soil (S) were much less effective than maize in excluding Na + from the leaves. Mean leaf sap concentrations for the S plants were 93 mmol L -1 as compared to 8 mmol L -1 for the nonsaline control (Table 1 ). Plants exposed to saline sprinkling only (F) had yet higher concentrations of Na + in leaves (159 mmol L -1) and F + S plants had the highest leaf sap Na + (212 mmol L-l).
In the S treatment, the Na + concentration in maize leaf sap was 0.6 times that in the irrigation water, while for barley it was 1.7 times. In the F treatment, leaf sap Na + concentrations were 3.6 times those in the sprinkling water for maize and 2.9 times those in the sprinkling water for barley. These data demonstrate that maize roots effectively restricted Na + absorption and/or its transport to the leaves, more so than did barley. In contrast, in both species it was observed that Na + exclusion by foliar uptake was much less than that by root uptake.
Potassium
In both maize and barley, K + concentrations in leaf sap were lower in sprinkled plants (F, F + S) than in plants exposed only to saline soil (S) or than in the control. For both species, the reduction in leaf sap K + caused by saline sprinkling was greater at later samplings ( Figs.  1 and 2 ).
Calcium
The responses of leaf sap Ca 2+ concentrations to the treatments were quite different for maize and barley. For maize, relatively less CaC12 was applied in the irrigation water (Na:Ca was 5:1) and saline sprinkling reduced leaf sap Ca 2+ concentrations (Fig. 1, Table 1 ). In the barley experiment much more CaC12 was applied in the irrigation water (Na:Ca was 2.2:1) and saline sprinkling increased leaf sap Ca 2+ concentrations (Fig.  2, Table 1 ).
In maize, the mean concentration of Ca 2+ in the leaf sap of sprinkled plants (F) was decreased by 55 mmol L -l with respect to the nonsaline control, whereas a total plant water use about 8% lower than the nonsaline control. In barley, saline sprinkling decreased total plant water use slightly more than did exposure to saline soil (20% vs. 15% lower than the nonsaline control). For both species, the combination of saline sprinkling and saline soil (F+S) resulted in total plant water use which was 24% less than the nonsaline control. In maize, the effects of the F and S treatments were additive, each decreasing plant water use by 50 mL (g DW) -I. In barley, the S treatment decreased plant water use by 60, and the F treatment decreased it by 90 mL (g DW)-i. In the F + S treatment, plant water use was decreased by only 110 mL (g DW) -I, indicating that in barley the effects of the F and S treatments on plant water use were not independent.
exposure to saline soil only (S) decreased leaf sap Ca 2+ by just 26 mmol L -1 (Table 1 ). In barley, Ca 2+ was absorbed by the leaves of saline sprinkled plants, and compared to the control (C) leaf sap concentrations were increased by 43 mmol L-I in the F treatment, but by only 15 mmol L -I in the S treatment.
Biomass and grain yieM
In barley, saline sprinkling reduced vegetative biomass more than did saline soil alone (28% versus 15%), while the F+S treatment reduced it still more (by 40%, Table 2 ). Analysis of variance indicated that the effects of the F and S treatments on biomass were additive. The grain yield of barley was also adverselyaffected by saline sprinkling, the main components affected being mean grain weight and number of ears per pot, with number of grains per ear also being reduced in the F + S treatment (Table 3) . Grain yield was not reduced by soil salinity alone (S). In maize, saline sprinkling started later in the growth cycle than in barley and had less effect on vegetative biomass at maturity (Table 2 ). Tassels were removed as they appeared in order to prevent interference with spray distribution from the overhead nozzles and consequently grain set was very low. For this reason, grain yields of maize are not reported.
Plant water use
Cumulative plant water use expressed per unit shoot biomass at maturity is represented in Figure 3 . In maize, the plant water use of sprinkled plants grown in nonsaline soil (F) was nearly identical to that of plants exposed only to soil salinity (S), both treatments having
Leaf stomatal conductance
Saline sprinkling or saline soil significantly reduced leaf stomatal conductance (gs) in barley relative to the nonsaline control (data not shown). Midday gs was 167 mmol m -2 s -l for the control plants, which was reduced to 72 mmol m -2 s -1 in the S plants, to 111 mmol m -2 s -l in the F plants and to 63 mmol m -2 s-I in plants receiving saline sprinkling and grown in saline soil (F + S). For all treatments, the SE for gs was 4-6.0.
Discussion
Maize and barley plants sprinkled with saline water, but grown in soil that was maintained nonsaline, had remarkably high concentrations of Na + and CI-in their leaf sap. In these plants, Na + and C1-were absorbed primarily through the leaves and leaf sap concentrations of these ions were as high, or higher in the case of Na +, than in nonsprinkled plants grown in saline soil (ion absorption primarily through the roots). It therefore appeared that large amounts of Na +, and to a lesser extent CI-, were absorbed by maize and barley leaves. Considering the short exposure time of leaves to saline sprinkling (total cumulative time of less than one day), compared to the continuous exposure of roots to saline soil, the rate of ion absorption by maize and barley leaves must have been very rapid. The increased leaf sap concentrations of Na + and CI-resulting from foliar uptake were associated with decreases in vegetative biomass in both species and decreases in grain yield and all its components in barley. 
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Figure 3. Effects of saline soil and saline sprinkling on cumulative plant water use in maize and barley. Plant water use was estimated as the difference between the volume of applied water and the volume of drainage (evaporation was negligible due to the covering of the soil surface). To eliminate differences based on plant biomass, all plant water use values were divided by the final vegetative biomass of the shoot and expressed as mL (g DW)-1 For maize, the vegetative biomass given in Table 2 was used for the adjustment. For barley, the weight of the peduncle and empty grain head was subtracted from values given in Table 2 , and the resulting biomass values used for the data adjustment were 200.5 (control), 166.8 (S), 146.1 (F) and 118.9 (g DW) pot -1 (F+S). Error bars represent s.e. with n = 4.
Comparisons between these plants which were grown in nonsaline soil, but sprinkled with saline water (treatment F) and those exposed only to soil salinity (S), allowed us to assess the relative magnitude of the foliar and root absorption processes. To make this comparison, the leaf sap concentrations of C1-and Na + in the control (C) were subtracted from those concentrations in plants of the saline treatments, That is, [(S-C) + (F-C)] was compared to [(F + S) -C], where S, E and F + S are leaf CI-or Na + concentrations in the respective treatments in barley or maize. In both crops, the concentration of either CI-or Na + for F+S treated leaves was only 11-14% lower than the sum of the concentrations in the F and S treatments. This indicates that foliar and root absorption processes were mainly, but not entirely, independent. This evaluation also showed that foliar and root absorption processes contributed equally to C1-concentrations in maize leaves, but that foliar absorption was the dominant process contributing to C1-in the barley leaves and to Na + in the leaves of both species.
In our experiments, the maize cv. 'Juanita' very effectively excluded Na + from the leaves when plants were exposed only to soil salinity (S treatment). Na + exclusion from leaves is well known in maize (Drew and L~iuchli, 1985; Johanson and Cheeseman, 1983; Schubert and L~iuchli, 1986) and although this trait is not consistently correlated with tolerance to salinity (Cramer, 1994; L~uchli and Epstein, 1990) , it can be a contributing factor. Lessani and Marschner (1978) demonstrated that in maize and in several other species (cress, sunflower, safflower, pepper and bean), the CI-concentration in the shoots increased more than did Na + when plants were grown in solution culture with 100 mmol L -1 NaCI. The data indicated that in these species, the roots restrict the absorption (or transport to the shoot) of Na + more than of CI-, although differences either in translocation rates out of leaves or in root efflux of Na + and CI-, could account for their differential concentrations in the shoot. Wolf et al. (1991) and Jeschke and Pate (1991) concluded, however, that little Na + is retranslocated out of barley leaves. Similarly, Munns et al. (1986) estimated that the retranslocation of Na + and C1-out of barley leaves was 10%, at the most, of that imported into leaves in the transpiration stream. Hence, higher concentrations of C1-than Na + in the leaves of plants grown in saline soil are likely to indicate the presence of root and stem-based mechanisms which exclude (or restrict) Na + from young and intermediate age leaves. In the process of ion absorption primarily by leaves, rather than roots, little exclusion of Na + was apparent in our studies. For plants of the F treatment (where uptake was primarily by foliar absorption), we observed large increases in leaf sap concentrations of Na + (17.2 and 19.9 times greater than controls, for maize and barley respectively). However, for plants of the S treatment (primarily root absorption), Na + exclusion was greater and the increases in leaf sap Na + were less (3.1 and 11.6 times greater than controls, for maize and barley respectively).
The relatively poor exclusion of Na + during foliar absorption was also evident when C1-:Na + ratios in the leaf sap were calculated (Table 4) . These ratios were compared to those of the irrigation water (iw). Leaf C1-:Na + ratios higher than those in the irrigation water indicate preferential excision of Na + over C1-. Ratios lower than that of the irrigation water indicate preferential accumulation of Na +, i.e. weak Na + exclusion.
In maize, plants of the nonsaline control (C) and those exposed only to soil salinity (S) had C1-:Na+leaf ratios of 3.5 and 2.7, respectively. These are substantially higher than that of the irrigation water (i.e. 1.3). In contrast, when C1-and Na + were absorbed through the leaves of maize (F and F + S treatments), the C1-:Na+leaf ratios were 0. 5 and 0.7 respectively, suggesting less Na + exclusion in foliar as compared to root absorption. Leaves of barley plants subjected only to root absorption (C and S), showed a slight preferential accumulation of C1-over Na + (C1-:Na+l~f was 2.7 for the S treatment, as compared to the C1-:Na+iw of 1.9). Barley leaves which were sprinkled with saline water, however, accumulated C1-and Na + in equal amounts, since for both the F and F+S treatments the C1-:Na+leaf was equal to the CI-: Na+iw (1.9, Table  4 ). Comparisons of Na + exclusion between the two species must be viewed with some caution, however, since these experiments were conducted at different times of the year and different saline solutions were employed in the experiments (Cl-:Na+iw = 1.3 for maize and 1.9 for barley and ECiw = 4.2 for maize and 9.6 dS m -l for barley).
The differences in leaf sap C1-:Na + ratios obtained in our pot experiments were similar to those obtained in field experiments with barley (Aragtits et al., 1994) . In their experiments, leaf sap C1-:Na + ratios equalled 6.0 for the 'root absorption only' treatment and this ratio was also decreased (to 3.1-4.2) in leaf sap from the 'foliar + root absorption' treatment. These authors speculated that during foliar ion absorption there was much less Na + exclusion than during root absorption.
Discrimination between K + and Na + also appears to be less in foliar than in root ion absorption. Plants which were exposed only to saline soil (S) had K+:Na + ratios of 9.0 for maize and 1.8 for barley, ratios which are considerably lower than those of the corresponding controls (31.7 and 22.4, Table 4 ). However, the plants sprinkled with saline water and grown in nonsaline soil (F treatment) had K + :Na ~ ratios of 1.0 for maize and 0.9 for barley, indicating even less discrimination between K + and Na + when Na + was absorbed mainly through the leaves. Foliar absorbed Na + was also associated with a reduction in leaf K + (Table 1) . This relationship has also been shown in previous saline sprinkling studies (Maas et al., 1982b) .
It therefore appears that when Na + and C1-ions are absorbed by leaves there are fewer opportunities for Na + exclusion than when these ions are absorbed by roots and transported to the leaves. Obviously, the path of apoplastic and symplastic flow to the leaves is much shorter when Na + and C1-are absorbed primarily through leaves rather than through roots, and mechanisms such as Na + exclusion at the root endodermis and Na + withdrawal from the transpiration stream by xylem parenchyma in the root and stem are bipassed. For foliar absorption, cuticular and epidermal properties as well as the ion selectivity characteristics of mesophyll cell membranes, would be the major plant factors regulating Na + and C1-concentrations in the leaves. Our leaf sap extraction method did not distinguish between symplastic versus apoplastic concentrations of Na + and C1-. Further experiments would be needed to verify that the high concentrations of Na + found in leaf sap from plants exposed to saline sprinkling were not primarily apoplastic in origin. However, the significant effects of our saline sprinkling treatments on biomass accumulation, cumulative plant water use, and yield (for barley) suggest that Na + accu-85 mulation did occur in the leaf symplast. Maas (1985) implied that there is a smaller window of acceptable salinities for saline sprinkling as compared to exposure to saline soil, which also suggests that when ions are absorbed primarily through leaves, there are fewer internal mechanisms to exclude Na + from the leaf symplast.
If sprinkler irrigation continues to be employed in place of surface irrigation in semi-arid regions where water economy is crucial and water quality can be poor, crop species and cultivars may need to be ranked for tolerance to both saline soil and saline sprinkling. As indicated in studies comparing sea cliff and inland populations of wild grasses (Holcus lanatus and Agrostis stolonifera), tolerance to soil salinity and to saline spray appear to be independent characters (Ashraf et al., 1986) . To develop crop cultivars with tolerance to saline sprinkling the underlying characters affecting foliar absorption, such as leaf wettability (cuticle composition) and guard cell and trichome distribution, would need to be evaluated and modified to reduce foliar absorption. Alternatively, Na + exclusion and K+:Na + discrimination during ion absorption by leaves would need to be enhanced. For maize, in particular, Na + exclusion appears to be very poor when ions are absorbed through the leaves.
